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This study investigates handedness in a group of individuals from the Sima de los Huesos site (Ata-
puerca, Spain). In this research, handedness has been studied by analyzing the brain endocast asym-
metries (cerebral evidence), and the results (the assignment, of the manual preference in each
individual) have been compared to previous results from the determination of handedness from labial
striations on the anterior dentition in the same individuals. From the dental analysis, all individuals
from SH were right-handed. After combining the results of both studies, 4 individuals could be
analyzed in depth. In 3 of these individuals, the assignment of probable handedness was coincident.
The results did not coincide in just 1 individual (Cranium 6). In this specimen, labial striations indicated
a right oblique orientation consistent with right-handedness, but this was not consistent with our
results from the endocast analysis. The existence of some pathology in the natural skilled hand,
learning by imitation from right-handers, or ambidextrous handedness are some of the interpretations
derived from this special case.
© 2015 The Authors. Published by Elsevier Ltd and INQUA. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Manual skill or handedness in fossil hominids is a topic of in-
terest for paleoanthropologists and archaeologists alike because
this information gives us an indication of daily behavior in fossil
groups. Handedness is the best-known and most studied human
asymmetry. Corey et al. (2001) deﬁned it as “the individual's
preference to use one hand predominately for unimanual tasks
and/or the ability to perform these tasks more efﬁciently with one
hand” (Papadatou-Pastou, 2011).
Modern humans display a wide lateralized hand preference,
with 85e90% of the individuals being right handed, so they prefer
their right hand for unimanual actions (Chui and Damasio, 1980;
Annett, 1985; Amunts et al., 2000; Fagard, 2004; Raymond and
Pontier, 2004; Cashmore et al., 2008; Uomini, 2009; Papadatou-
Pastou, 2011).
Papadatou-Pastou (2011) selects and mentions some data for
the incidence of left-handedness, because this is a point ofde Evolucion y Comporta-
Ltd and INQUA. This is an open acc
E.M., et al., Brain asymmetrie
l (2015), http://dx.doi.org/10.contention among different studies: percentages range from 1.6%
(Hoosain, 1990) to 32.2% (Gladue and Bailey, 1995), and are usually
reported as “around 10%” (Holtzen, 1994; Cavill and Bryden, 2003).
Amunts et al. (2000) also consider the remaining 10% of the pop-
ulation to be left-handed, and Rodriguez et al. (2010) and Crow
et al. (1998) who predict that at least 1% or 5% are ambidextrous.
Cashmore et al. (2008) also speculate that the variation in the
proportion of left-handers between groups ranges from 0 to 27%
(Coren and Porac, 1977; Marchant et al., 1995; Marchant and
McGrew, 1998; Fagard, 2004; Faurie, 2004; Faurie and Raymond,
2004; Raymond and Pontier, 2004).
Skeletal asymmetries in arm and hand bones supporting a right
sided dominancewere present at least in the genus Homo, although
data are more robust for Neanderthals (Cashmore et al., 2008;
Uomini, 2015). One of the most reliable ways of exploring hand-
edness in fossil species is by analyzing the labial striations on the
anterior dentition, since the mouth has long been used as a third
hand in Neanderthals and other fossil hominids (Bermúdez de
Castro et al., 1988; Lalueza-Fox and Frayer, 1997; Frayer et al.,
2010; Bruner and Lozano, 2014).
Labial striations are argued to be the result of “stuff and cut”
behavior (Brace, 1967). Hominins held different materialsess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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movement, the tool could accidentally scratch the labial surfaces
of teeth and could cause a cut or labial striation. The resulting cuts
or scratches obliquely arranged on the labial surface are visible to
the naked eye. These striations show a preferred orientation
pattern, which allows for the inference of the individual's hand
preference (Lozano et al., 2009; Frayer et al., 2012; Estalrrich and
Rosas, 2013).
Numerous studies of the anterior dentition in Neanderthals and
other fossil human groups from the Pleistocene show a predomi-
nant right hand frequency in a ratio of 9 right: 1 left, similar to the
pattern for living humans attributed to right-handers (Lozano et al.,
2004, 2008, 2009; Frayer et al., 2010, 2011; Estalrrich and Rosas,
2013). Cashmore et al. (2008) mention other evidence of human
handedness studied by Lalueza-Fox and Frayer (1997) who
analyzed the teeth of Neanderthal individuals from Krapina and
found a similar right-handed pattern of non-dietary striations in six
out of seven of the individuals who showed a side preference.
Although the data show that the evidence from tool use and
production conﬁrms that right-hand preference was established in
Neanderthals and continues in the present (Cashmore et al., 2008),
Papadatou-Pastou (2011) makes reference to some studies that
indicate the existence of right- and left-handed Homo nean-
derthalensis for sharp tool manipulation (Toth, 1985; Lewin, 1986;
Bermúdez de Castro et al., 1988; Bahn, 1989; Lalueza-Fox and
Frayer, 1997).
However, fossilized cranial material also provides an oppor-
tunity to assess hand preference in hominins, albeit in a more
indirect method than by using either the postcranial or dental
material (Cashmore et al., 2008). Handedness could then be
inferred using another source of information: the cerebral later-
ality from the study of some brain asymmetries (such as Broca's
area and petalias, explained in detail later on) recorded in the
fossil brain endocasts.
The Sima de los Huesos site (Sierra de Atapuerca, Spain) con-
tains a large sample of fossilized cranial material (17 crania so far)
and their excellent state of preservation allows us to study their
brain endocasts. The human remains from this site are located in
theMiddle Pleistocene period and they are thought to belong to the
Neanderthal clade (Arsuaga et al., 2014). The analysis of brain
asymmetries in the endocasts of the Sima de los Huesos specimens,
allows us to obtain valuable information about brain laterality and
therefore to infer the possible use of a preferred hand by each in-
dividual. In addition to results previously obtained from studying
labial striation on anterior dentition, we are able to glean new in-
formation regarding handedness and attempt to verify the hand-
edness, manual skill or preferred hand in this pre-Neanderthal
human group.
1.1. Petalias
Petalias are deﬁned as the “greater protrusion of one cerebral
hemisphere relative to the counterpart as expressed at the frontal
and occipital poles of the brain” (Gilissen, 2001; Phillips and
Sherwood, 2007; Chance and Crow, 2007; Cashmore et al., 2008).
The frontal or caudal projection is usually accompanied by a latero-
medial extension of the more projected hemisphere (Zilles et al.,
1996; Gilissen, 2001; Toga and Thompson, 2003).
Petalial patterns from endocasts have been used as a marker
of handedness (LeMay, 1976; Holloway, 1981; Holloway and de
LaCoste-Lareymondie, 1982; Steele, 2000; Frayer et al., 2012),
but LeMay (1992) explains that the relationship between hand-
edness and asymmetries of the hemispheres is far from
absolute. She says that a few authors have even denied any
relationship, but more anatomical and even biochemical brainPlease cite this article in press as: Poza-Rey, E.M., et al., Brain asymmetrie
(Atapuerca, Spain), Quaternary International (2015), http://dx.doi.org/10asymmetries are being found and related to function. LeMay
offers conclusions of some modern CT studies that have shown a
statistical correlation between handedness and protrusion of the
occipital bone (occipital petalia), protrusion of the frontal bone
(frontal petalia), and the transverse dimensions (widths) of the
frontal and posterior portions of the hemispheres (LeMay, 1976;
LeMay and Geschwind, 1978; LeMay and Kido, 1978; Bear et al.,
1986).
In this respect, Amunts et al. (2000) states that, although
several studies have demonstrated that anatomical asymmetries
in the sizes of the frontal and occipital lobes (Galaburda et al.,
1978; LeMay and Kido, 1978; Weinberger et al., 1982; Bear
et al., 1986; Kertesz et al., 1990) and the anterior speech
region (Galaburda, 1980; Falzi et al., 1982; Amunts et al., 1999)
are correlated with handedness, none of them pinpoints a
neurobiological substrate of handedness. Steele (2000) also af-
ﬁrms that human handedness bears some relationship to
cerebral asymmetry even at the gross morphological level
detectable in dry skulls, but the relationship as it is presently
understood is quite weak and possibly complicated by inter-
population contrasts in the incidence of cerebral asymmetry.
Contrary to these studies, Chui and Damasio (1980) results sug-
gest that handedness and cerebral asymmetries are independent
variables. Phillips and Sherwood (2007) also allude to several
recent voxel-based morphometry analyses of structural asym-
metries that have failed to demonstrate an association between
petalias and hand preference (Good et al., 2001; Watkins et al.,
2001; Herve et al., 2006). Faglioni and Scarpa (1989) also re-
ported ﬁndings of surprisingly weak relationships between
handedness and cerebral asymmetries in a sample of 160 pa-
tients (Steele, 2000).
In Homo sapiens, and in general, in all the species within the
genus Homo, the predominant pattern is for a right frontal pro-
trusion (RF) and a left occipital protrusion (LO) and has been highly
associated with right-handedness (LeMay, 1976, 1977; Galaburda
et al., 1978; Holloway and De LaCoste-Lareymondie, 1982; Gilis-
sen, 2001; Watkins et al., 2001; Cashmore et al., 2008; Grimaud-
Herve and Lordkipanidze, 2010). Also in right-handers, the ante-
rior portion of the right hemisphere and the posterior portion of
the left hemisphere were commonly found to be wider than their
counterparts (LeMay and Kido, 1978; Kertesz et al., 1986; LeMay,
1992).
On the contrary, a reversal of the usual right-frontal and left-
occipital predominance (left frontal (LF) and right occipital (RO)
pattern), which is the type of asymmetry commonly seen in
normal right-handed individuals, and a trend toward symmetry (a
tendency to show less asymmetrical ﬁndings) has been more
associated with not right-handedness (LeMay and Kido, 1978;
LeMay, 1984; Bear et al., 1986; LeMay, 1992). Galaburda et al.
(1978) and Shaw et al. (2009) also conﬁrm that the lack of
asymmetry and reversal asymmetries are associated with left-
handers and ambidextrous individuals (both included in not
right-handers).
Again, contrary to these studies, Chui and Damasio (1980) re-
sults suggest there were no signiﬁcant differences between right-
handers and not right-handers. Furthermore, there were no sig-
niﬁcant differences between strongly left-handed and ambidex-
trous individuals. The Chui and Damasio study does not support
the concept that cerebral symmetry” or “reverse asymmetry” are
associated with left-handedness or ambidexterity.
At this point, it is interesting to note the results in Balzeau
et al. (2012) based on the distribution of the association be-
tween the dominant side for the frontal lobes and the dominant
side for the occipital lobes (36% of R/L, 32% of L/L, 20% of L/R and
12% of R/R).s and handedness in the specimens from the Sima de los Huesos site
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Holloway, 1980; Begun and Walker, 1993; Holloway et al., 2004;
Bruner and Manzi, 2008; Grimaud-Herve and Lordkipanidze,
2010) showing that: four out of ﬁve endocasts from Ngandong
(Asian Homo erectus) exhibited the right-frontal/left-occipital
petalia pattern common to modern humans; KNM-WT 15000
(African Homo erectus) also presented a human-like petalia
asymmetry; a right frontal petalia has been identiﬁed on D 2282,
and D 2280 shows left frontal and right occipital petalia similar to
ER 1813, Sangiran 2, 10, 17 and Ckn.L.2.PA.99 and a right frontal e
left occipital petalia is observed in OH 13, OH 16, ER 1470, ER 3733,
ER 3883,WT 15000, CKn.E.PA.16, Ckn.L.1.PA.98 and Ckn.L.3 PA.100;
In Saccopastore 1, the frontal petalia is not as marked, and it
mainly has to do with the coronal development of the right side
and the longitudinal extension of the left lobe. Uomini (2011) and
Frayer et al. (2012) mention the petalial pattern in a group of
Neanderthals from the Holloway (1981), Holloway and de LaCoste-
Lareymondie (1982), LeMay (1977) and Grimaud-Herve (1997)
studies. They note that Feldhofer, La Ferrassie 1, Forbes Quarry 1,
La Quina, Le Moustier 1, Saccopastore 1, Spy 1, Spy 2, Teshik-Tash 1
and Engis 2 show the typical right hand pattern, with only La
Chapelle-aux-Saints possessing a right occipital/left frontal petalia
that is consistent with the left-handed pattern. In addition,
Holloway and de LaCoste-Lareymondie (1982) studied a sample of
41 partial and complete endocasts of australopithecines and
members of the genus Homo and concluded that these groups did
not show any signiﬁcant differences in their patterns of left-
occipital and right-frontal petalias when compared to asymme-
try in modern Homo sapiens. Chance and Crow (2007) discuss this
continuity of the pattern of petalia between Australopithecus and
Homo, which indicates that this feature has an evolutionary origin
prior to modern Homo sapiens.
In order to add new human fossil endocasts to the existing long
list of petalias that have been determined and to cover the Euro-
pean Middle Pleistocene period, which is of great interest from a
paleoanthropological point of view as this is an evolutionary “pre-
Neanderthal” period, the asymmetries of frontal and occipital lobes
have been analyzed in the Sima de los Huesos hominids brain
endocast.
1.2. Broca's area
Broca's area is formed by Brodmann area 44 (BA44) or pars
opercularis (PO) and Brodmann area 45 (BA45) or pars triangularis
(PT) and it is located in the third inferior frontal convolution
(Amunts et al., 1999; Keller et al., 2009) Fig. 1.Fig. 1. Brocas's area (Brod
Please cite this article in press as: Poza-Rey, E.M., et al., Brain asymmetrie
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Paul Broca examined a type of aphasia causing impairment in
language production related to lesions in the left side of the brain
in the most anterior part of the frontal lobe in a group of patients
(Broca, 1965; Berker et al., 1986). Powell et al. (2012) states that
some lesion studies conﬁrm that the left hemisphere is special-
ized for language and speciﬁcally that these cortical regions (left
hemisphere PO in particular) are crucial for speech production
(Geschwind and Levitsky, 1968; Geschwind and Galaburda, 1985;
Stephan et al., 2003; Toga and Thompson, 2003; Costafreda et al.,
2006) though some authors, such as Tate et al. (2014), claim that
Broca's area would be more involved in cognitive functions, such
as lexical retrieval, phonological assembly, verbal working
memory, sequential processing or cognitive control, and chal-
lenge the prevailing notion of Broca's area as a motor area, per se.
Keller et al. (2011) also concluded that the volume of Broca's area
is not signiﬁcantly related to language laterality.
Cashmore et al. (2008) indicate that a neuroanatomical link
within the primary motor cortex of the brain for the control of the
hands and the vocal apparatus has led some researchers (Corballis,
2003) to propose a co-evolutionary link between two uniquely
human traits: complex language production and comprehension, as
well as population-level hand preference. The same authors link
the study of language capabilities and the tentative assessments of
hand preference, based on the assumption that handedness and
language arise from a single brain mechanism related to brain
asymmetry (Crow, 1998).
As Frayer et al. (2012) point out, many neurologists and palae-
oneurologists accept the relationship between language, laterali-
zation, and handedness (Holloway, 1976; Falk, 1987; Knecht et al.,
2000). Corballis (2003) also proposes that there should be some
degree of association between handedness and degree and direc-
tion of language lateralization, and cites the study by Knecht et al.
(2000) as well, in support of this long-held view.
Powell et al. (2012) document this association between hand-
edness and the functional organization of language well (Annett
and Alexander, 1996; Pujol et al., 1999; Cabeza and Nyberg, 2000;
Corballis, 2003; Floel et al., 2005) although Holloway and de
LaCoste-Lareymondie (1982) proposed that there is no obligatory
relationship between manual handedness and brain lateralization.
Grimaud-Herve and Lordkipanidze (2010) explain that Broca's
area is more developed in the left hemisphere in 95% of humans as
demonstrated by functional imaging or cortical stimulation studies
(Parrot, 1981; Habib et al., 2000; Sherwood et al., 2003) and Frayer
et al. (2012) indicate that right-handedness has long been thought
to be associated with left cerebral dominance and language (Frost,mann areas 44, 45).
s and handedness in the specimens from the Sima de los Huesos site
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Fig. 2. Method for quantifying petalias. LF e left frontal; RF e right frontal; LO e left
occipital; RO e right occipital.
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this same vein, Papadatou-Pastou (2011) explains that, because all
of Broca's patients were right-handed and had their language areas
lateralized to the left hemisphere, it was initially speculated that
the reverse, that is, right hemisphere language dominance, should
be true for left-handers. McManus and Bryden (1993) support the
idea that left-handers simply exhibit the reverse pattern of lan-
guage dominance observed in right-handers.
Others afﬁrm that themajority of left-handers are left-dominant
for speech just as nearly all right-handers are, as more than 90%e
96% of right-handers and around 70e80% of left-handers have their
language functions located at their left hemisphere, 14% of left-
handers are bihemispheric for language, and 10% of left-handers
show right-hemisphere language dominance. Furthermore, even
in left-handers, aphasia usually occurs after a lesion in the left
hemisphere (Luria, 1976; Pujol et al., 1999; Amunts et al., 2000;
Corballis, 2003; Floel et al., 2005; Papadatou-Pastou, 2011). From
the studies of Bryden (1982) and Bryden and Steenhuis (1991),
Grabowska et al. (1994) indicates that structures controlling speech
are more frequently localized in the left hemisphere than in the
right one in both left-handed and right-handed subjects but the
difference is that, in left-handers, right hemisphere or bilateral
speech control is found more frequently than in right-handers.
In addition to the aforementioned studies, Foundas et al. (1998)
found an asymmetry of pars triangularis (PT) in the left hemisphere
of both right and left-handed people and a signiﬁcant asymmetry of
pars opercularis (PO) in the left hemisphere for right-handers and
in the right hemisphere for left-handers. For these authors, the use
of the hand is therefore positively correlated to this last asymmetry
(Brodmann area 44). This has been supported by Powell et al.
(2012) who concluded that left-handers tend to show rightward
PO volume asymmetry.
Grimaud-Herve and Lordkipanidze (2010) warn that the study
of the fossil record is limited to endocranial geometry and
morphological description, which correspond only to macroscopic
patterns. As they say, unfortunately, any information that could be
available regarding the architecture of the cerebral tissues and their
associated functions is lost in the fossil record. Similarly, Balzeau
et al. (2014) indicate that applying ﬁndings about the asymme-
tries of Broca's area to the study of fossil hominins is complex. They
claim that studies of brain surface asymmetries and related endo-
cranial traits are complex due to the difﬁculty of deﬁning surface
structural parameters and their homologues.
In spite of these limitations, we have tried to identify the limits
of Broca's area in the Sima de los Huesos hominids brain endocasts
in order to analyze the possible assignment of handedness
following Foundas and colleagues' results.
2. Material and methods
2.1. The Sima de los Huesos crania
The Sima de los Huesos (SH) site has been recently dated to
430 ka (Middle Pleistocene period) and contains a minimum
number of 28 individuals (Bermúdez de Castro et al., 2004; Arsuaga
et al., 2014).
From these 28 individuals, 17 crania have been recovered and
they are described in detail in Arsuaga et al. (2014). Sixteen of these
crania were scanned using a MU 2000-CT YXLON International
Scanner (University of Burgos) with a Slice thickness of 0.50 mm, a
Slice space of 1.0 mm, a FOV of 258.80mm, 0.217mm Pixel size, and
a matrix size of 1024  1024. From the CT-scans, the virtual en-
docasts from these 16 crania have been reconstructed using
MIMICS v.14 software, and these brain endocasts are the object of
study in the present work.Please cite this article in press as: Poza-Rey, E.M., et al., Brain asymmetrie
(Atapuerca, Spain), Quaternary International (2015), http://dx.doi.org/10Some of these virtual endocasts are very incomplete, but pet-
alias could be quantiﬁed in 9 of 16 individuals (56.25%) and Broca's
area has been demarcated in 13 of 16 individuals (81.25%), which
represents a high proportion of the collection and provides reliable
results.
From these results, the likely handedness has been determined
for each individual twice: once based on petalias and once on
Broca's area.
2.2. Quantiﬁcation of petalias in SH
A method recommended by Dr. Falk (Florida State University)
and developed and described in LeMay et al. (1982) has been used
to quantify the petalias Fig. 2.
First of all, the total length of the endocast is needed. As in Bear
et al. (1986) and similar to Chui and Damasio (1980), the overall
anteroposterior length of the endocast (total length) has been
determined by measuring the distance from the most anterior
projection of either frontal lobe to the most posterior projection of
either occipital lobe, in a direction parallel to the midline.
This anteroposterior diameter is represented in a 2d image of
the transversal plane, which contains both extreme points from
the 3d endocast. 10% of this length is calculated and displaced
anterioreposteriorly from the most projected frontal pole and
posterior-anteriorly from the most projected occipital pole. The
distance from both frontal poles to the line representing the 10%
displaced in the anterioreposterior direction will be the length of
the petalias. The distance from the midline of the endocast at the
point located in the 10% displaced in the anterioreposterior di-
rection to the limits of the proﬁle of the endocast to the right and
to the left directions will be the width of the petalias. The same
goes for the occipital lobes, but on the line representing the 10%
displaced in the posterior-anterior direction.
As this method is only applicable to whole endocasts (with
complete frontal and occipital lobes), the petalias were only
calculated in individuals 4, 5, 6, 7, 9, 11, 14, 16 and 17 because of the
incompleteness of the others.
Once all the petalias have been measured and recorded, the
degree of asymmetry and differences between homologous hemi-
spheres have been calculated by subtracting the left side values
from the right side values (right hemisphere e left hemisphere).
Therefore, positive values (þ) represent larger values in the right
side and negative values () represent the contrary. These values
indicate whether the petalia is right frontal (RF), left frontal (LF) or
right occipital (RO), left occipital (LO).
The pattern of right-handers (RF/LO) is the most represented
pattern in modern human populations (LeMay, 1976, 1977;s and handedness in the specimens from the Sima de los Huesos site
.1016/j.quaint.2015.10.004
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LaCoste-Lareymondie, 1982; Kertesz et al., 1986; LeMay, 1992;
Gilissen, 2001; Watkins et al., 2001; Cashmore et al., 2008;
Grimaud-Herve and Lordkipanidze, 2010). That is why this pattern
will be considered the “normal” or “regular” pattern in the present
study and this includes positive values for frontal width and length
and negative values for occipital width and length and, thus, these
results will be related to right-handedness.
The hemispheres of not right-handers are structurally more
symmetrical than those of right-handers (Zilles et al., 1996);
asymmetries are therefore less marked in not right-handers
(LeMay, 1977).
As in Chui and Damasio (1980), asymmetries have been
considered if the differences are equal to or greater than 1 mm.
Thus, values below 1 mmwill be considered “symmetrical”. And in
turn, values below 1 mm, negative values for frontal width and
length, values below 1 mm and positive values for occipital width
and length will be considered petalias related to non-right-
handers.
From these data, the assignment of the possible manual pref-
erence has been established taking into consideration the most
represented condition (right or not right handedness) in each in-
dividual. In equal conditions, right handedness cannot be
conﬁrmed.
2.3. Delimitation of Broca's area in SH
Some authors consider Broca's area to be composed of Brod-
mann areas 44, 45 and 47 (e.g., Sherwood et al., 2003; Wisco et al.,
2007), but most authors only consider Brodmann areas 44 and 45
(e.g., Aboitiz and Garcia, 1997; Foundas et al., 1998; Amunts et al.,
1999; Binkofski et al., 2000; Grodzinsky and Santi, 2008).
Brodmann areas 44 (PO) and 45 (PT) are located in the third
inferior frontal convolution. Delineation of these regions is
based on sulci in the brain (Figs. 1 and 3): PT is delimited by the
anterior horizontal ramus of the Sylvian ﬁssure and the
anterior ascending or vertical ramus of the Sylvian ﬁssure. PO is
delimited by the anterior ascending or vertical ramus of the
Sylvian ﬁssure and the inferior part of the precentral sulcus. In
the upper part, both areas are delimited by the Inferior frontal
sulcus (see Fig. 3).
Balzeau et al. (2014) point out that there are variations in the
sulcal contours that deﬁne the pars triangularis and opercularis for
many scientists.
These variations are important both in modern humans and
among hominid species. They also warn about the signiﬁcant in-
dividual variability in the location of areas 44 and 45 in humans andFig. 3. Sulci delineating Brodmann areas in Broca's area.
Please cite this article in press as: Poza-Rey, E.M., et al., Brain asymmetrie
(Atapuerca, Spain), Quaternary International (2015), http://dx.doi.org/10.about variations in methods and in the features analyzed, which
render the results difﬁcult to compare.
Balzeau and colleagues further consider the difﬁculties in
quantifying the surface or volume of Broca's area, as the internal
boundaries are unavailable, and details about sulci and gyri are not
always well deﬁned or distinctly visible, but physical or virtual
endocranial casts are the only available evidence for brain evolution
in fossil specimens.
The boundaries of these areas in the Sima de los Huesos brain
endocasts have been observed and followed on the 3D virtual en-
docasts and delineated (drawn) on 2d pictures taken from these 3d
objects (see Fig. 4).
The outline of Brodmann areas 44 and 45 in Broca's region al-
lows for the visualization of their extension (shape and develop-
ment) for comparison between areas in the same hemisphere and
between hemispheres. In this way, the larger or lower extension of
Brodmann areas 44 and 45 in the same hemisphere is easy to see on
the drawing obtained from the 2d image. The visually observable
differences between the two areas have been compared and
recorded in Table 5.
Following the conclusions in Foundas et al. (1998), a tentative
handedness has been assigned to each specimen from the results in
each hemisphere.
Due to the incompleteness of these endocasts, Broca's area could
be delineated only on one side in some specimens (individuals 3,
10, 11, 12, 13 and 15) and on both sides in other specimens (in-
dividuals 4, 5, 6, 7, 9, 14, 16 and 17).
2.4. Petalias vs. Broca's area
Once the assignment of manual preference has been completed
by petalias and Broca's area, both results will be put together to
reach a more deﬁnitive conclusion.
If both results are coincident, then the resulting manual pref-
erence will be considered certain.
If both results do not coincide, then it will not be possible to
assign a manual preference with certainty.
If there is only one of both results, a tentative manual preference
will be considered.
2.5. Association of cranial individuals with dental individuals and
its consequences for the study of handedness
As was anteriorly cited, handedness in SH individuals was pre-
viously studied by the analysis of the anterior dentition. Studies
based on the vestibular striations in anterior dentition of SH dental
sample (Lozano et al., 2008, 2009, 2012) determined the number of
striations and dominant patterns in a large list of teeth, some of
which were related to the same individual. Thanks to the assign-
ment of some dental individuals (Bermúdez de Castro and Nicolas,
1997; Lozano, 2000, 2001, 2005; Lozano et al., 2004, 2008, 2009,
2012) to the corresponding cranial individual (Arsuaga et al.,
2014) and therefore brain endocast, a more in-depth analysis has
been possible to compare different techniques for determining
handedness. It has been possible to compare the dominant pattern
of the vestibular striations in anterior dentition with the manual
preference assigned to cranial individuals in the study of the
asymmetries found in the endocasts.
In adolescence, the dental crown is fully erupted and the use of
the mouth as a third hand for a variety of activities leaves many
marks on the surface of the anterior dentition. The adolescents
from SH will exhibit the higher number of vestibular striations.
This is the case for individuals 6, 9, 10 and 16. However in adult
specimens (>35 years old), the dental crown is worn because of
the functional stress throughout the individual's life, and thens and handedness in the specimens from the Sima de los Huesos site
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Therefore, adult individuals will not be considered in this last
study phase.
3. Results
Results for petalias are recorded in Table 1. They are separated in
length and width and in right frontal, left frontal, right occipital and
left occipital for each endocranium.Table 1
Results for petalia width and length. Bold values represent the larger values in each lobe
Individual Width (mm)
RF LF RO LO
EnCr. 4 44.84 41.25 45.53 42.
EnCr. 5 39.68 37.07 41.32 45.
EnCr. 6 39.98 39.34 41.11 44.
EnCr. 7 36.24 36.15 36.67 45.
EnCr. 9 40.04 41.49 36.9 39.
EnCr. 11 41.99 37.81 e 46.
EnCr. 14 43.34 40.15 44.02 43.
EnCr. 16 42.10 41.59 43.98 e
EnCr. 17 42.38 39.43 e 43.
Table 2
Differences between hemispheres and degree of asymmetry. Measures of each petalia in
Right side Left side Right-le
Frontal width
EnCr. 4 44.84 41.25 3.59
EnCr. 5 39.68 37.07 2.61
EnCr. 6 39.98 39.34 0.63
EnCr. 7 36.24 36.15 0.09
EnCr. 9 40.04 41.49 1.33
EnCr. 11 41.99 37.81 4.18
EnCr. 14 43.34 40.15 3.19
EnCr. 16 42.1 41.59 0.51
EnCr. 17 42.38 39.43 2.95
Averaged values
Occipital width
EnCr. 4 45.53 42.48 3.05
EnCr. 5 41.32 45.45 4.13
EnCr. 6 41.11 44.11 3
EnCr. 7 36.67 45.15 8.48
EnCr. 9 36.9 39.01 2.11
EnCr. 11 “no data available”
EnCr. 14 44.02 43.85 0.17
EnCr. 16 “no data available”
EnCr. 17 “no data available”
Averaged values
Frontal length
EnCr. 4 16.51 17.46 0.95
EnCr. 5 16.15 15.05 1.1
EnCr. 6 16.51 16.79 0.28
EnCr. 7 15.25 16.28 1.03
EnCr. 9 17.32 16.1 1.22
EnCr. 11 15.42 15.88 0.46
EnCr. 14 16.33 15.04 1.29
EnCr. 16 17.15 16.39 0.76
EnCr. 17 16.32 14.84 1.48
Averaged values
Occipital length
EnCr. 4 15.55 17.46 1.91
EnCr. 5 14.51 16.15 1.64
EnCr. 6 14.97 16.79 1.82
EnCr. 7 14.73 16.28 1.55
EnCr. 9 13.02 17.32 3.7
EnCr. 11 14.02 15.88 1.86
EnCr. 14 14.44 16.33 1.89
EnCr. 16 16.77 16.14 0.63
EnCr. 17 16.12 15.73 0.39
Averaged values
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hemispheres are recorded in Table 2.
Table 3 contains the description of every single petalia in each
specimen, associating the result with right- or not right-
handedness. To summarize these data and to facilitate the
observation of the results, Table 4 shows the petalia
associations as a positive symbol for right-handers and a negative
symbol for not right-handers, and the manual preference
assigned..
Length (mm)
RF LF RO LO
48 16.51 17.46 15.55 17.46
45 16.15 15.05 14.51 16.15
11 16.51 16.79 14.97 16.79
15 15.25 16.28 14.73 16.28
01 17.32 16.10 13.02 17.32
80 15.42 15.88 14.02 15.88
85 16.33 15.04 14.44 16.33
17.15 16.39 16.77 16.14
16 16.32 14.84 16.12 15.73
mm.
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Table 3
Description of petalias in each individual and association of the result with right- or non-right-handedness.
Endocast Frontal Occipital
Width Length Width Length
4 3.59 mm in favor of the right side
8.01% of asymmetry.
This is related to the
pattern of a right-hander
0.95 mm in favor of the left side
The low value is below 1 mm,
associated with an
almost lack of asymmetry.
5.75% of asymmetry.
This is contrary to the
pattern of a right-hander
3.05 mm in favor of the right side
6.70% of asymmetry.
This is contrary to the
pattern of a right-hander
1.91 mm in favor of the left side
12.28% of asymmetry.
This is related to the
pattern of a right-hander
5 2.61 mm in favor of the right side
6.58% of asymmetry.
This is related to the
pattern of a right-hander
1.1 mm in favor of the right side
6.81% of asymmetry.
This is related to the
pattern of a right-hander
4.13 mm in favor of the left side
10% of asymmetry.
This is related to the
pattern of a right-hander
1.64 mm in favor of the left side
11.30% of asymmetry.
This is related to the
pattern of a right-hander
6 0.63 mm in favor of the right side
The low value is below 1 mm,
associated with an
almost lack of asymmetry.
1.60% of asymmetry.
This is contrary to the
pattern of a right-hander.
values well below the average
0.28 mm in favor of the left side
The low value is below 1 mm,
associated with
an almost lack of asymmetry.
1.70% of asymmetry.
This is contrary to the
pattern of a right-hander
3 mm in favor of the left side
7.30% of asymmetry.
This is related to the
pattern of a right-hander
1.82 mm in favor of the left side
12.16% of asymmetry.
This is related to
the pattern of a right-hander
7 0.09 mm in favor of the right side
The low value is below 1 mm,
associated with an
almost lack of asymmetry.
0.25% of asymmetry.
This is contrary to the
pattern of a right-hander
1.03 mm in favor of the left side
6.75% of asymmetry.
This is contrary to the
pattern of a right-hander
8.48 mm in favor of the left side
23.13% of asymmetry.
This is related to the
pattern of a right-hander
1.55 mm in favor of the left side
10.52% of asymmetry.
This is related to the
pattern of a right-hander
9 1.33 mm in favor of the left side
3.21% of asymmetry.
This is contrary to the
pattern of a right-hander
1.22 mm in favor of the right side
7.04% of asymmetry.
This is related to the
pattern of a right-hander
2.11 mm in favor of the left side
5.41% of asymmetry.
This is related to the
pattern of a right-hander
3.7 mm in favor of the left side
21.36% of asymmetry.
This is related to the
pattern of a right-hander
11 4.18 mm in favor
of the right side
9.95% de asymmetry.
This is related to the
pattern of a right-hander
0.46 mm in favor of the left side
The low value is below 1 mm,
associated with an
almost lack of asymmetry.
2.98% of asymmetry.
This is contrary to the
pattern of a right-hander
No data available 1.86 mm in favor of the left side
13.27% of asymmetry.
This is related to the
pattern of a right-hander
14 3.19 mm in favor of the right side
7.36% de asymmetry.
This is related to the
pattern of a right-hander
1.29 mm in
favor of the right side
7.90% of asymmetry.
This is related to the
pattern of a right-hander
0.17 mm in favor of the right side
The low value is




This is contrary to the
pattern of a right-hander
1.89 mm in favor of the left side
13.09% of asymmetry.
This is related to the
pattern of a right-hander
16 0.51 mm in favor of the right side
The low value is below 1 mm,
associated with an
almost lack of asymmetry.
1.21% of asymmetry.
This is contrary to the
pattern of a right-hander
Values well below the average
0.76 mm in favor of the right side
The low value is below 1 mm,
associated with an
almost lack of asymmetry.
4.43% of asymmetry.
This is contrary to the
pattern of a right-hander
Values well below the average
No data available 0.63 mm in favor of the right side
The low value is below 1 mm,
associated with
an almost lack of asymmetry.
3.76% of asymmetry.
This is contrary to the
pattern of a right-hander
Values well below the average
17 2.95 mm in favor of the right side
6.96% of asymmetry.
This is related to the
pattern of a right-hander
1.48 mm in favor
of the right side
9.07% of asymmetry.
This is related to the
pattern of a right-hander
No data available 0.39 mm in favor of the right side.





This is contrary to the
pattern of a right-hander
Values well below the average
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Table 4
Summary of the petalia results and assignment of the possible manual preference.
(þ): petalia related to right-handed. (): petalia related to not right-handed.
Endocast Frontal Occipital Manual preference
Width Length Width Length
4 þ   þ Not right-handed
5 þ þ þ þ Right-handed
6   þ þ Not right-handed
7   þ þ Not right-handed
9  þ þ þ Right-handed
11 þ  e þ Right-handed
14 þ þ  þ Right-handed
16   e  Not right-handed
17 þ þ e  Right-handed
Table 6
Comparison of the results of manual preference from the petalias and Broca's area








3 Not right-handed Tentative not
right-handedness
4 Not right-handed Not right-handed Not right-handedness
5 Right-handed Right-handed Right-handedness
6 Not right-handed Not right-handed Not right-handedness
7 Not right-handed Right-handed Indeterminate
handedness





12 Not right-handed Tentative not
right-handedness
13 Not right-handed Tentative not
right-handedness
E.M. Poza-Rey et al. / Quaternary International xxx (2015) 1e138Some examples of the delimitation of Broca's area in the Sima de
los Huesos brain endocasts are represented in Fig. 4.
The results of the comparison of Brodmann areas 44 and 45
extensions are recorded in Table 5. The gross morphological
observation of both areas is described here as small or large
compared within the same hemisphere. From these observations,
the assignment of the possible manual preference has been stated
as well.Table 5
Description of Brodmann areas 44 and 45 and assignment of the possible manual
preference in each individual from the results of Broca's area analysis.
Individual Right
hemisphere
Left hemisphere Manual preference
3 45 large





































































44 small e not
right-handed
Not right-handed
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SH individuals once the results of both studies (Broca's area and
petalias) are put together.14 Right-handed Right-handed Right-handedness
15 Not right-handed Tentative not
right-handedness
16 Not right-handed Not right-handed Not right-handedness
17 Right-handed Not right-handed Indeterminate
handednessThese results coincide in individuals 4, 5, 6, 9, 14 and 16;
therefore, the resulting manual preference will be considered
certain.
The results do not coincide in individuals 7 and 17 and, there-
fore, in these cases it is not possible to assign manual preference
with certainty.
Finally, for a set of individuals (3, 10, 11, 12, 13 and 15), there is
only one of both results. In these cases, a tentative manual prefer-
ence has been considered.
Table 7 records the association of cranial individuals (endocasts)
with dental individuals. Besides this, the age, the number and
orientation of the striations on the anterior dentition, along with
the manual preference assigned via brain asymmetries is collected
for each one.Table 7
Association of dental with cranial individual. Arsuaga et al. (2014) Number of stri-
ations and dominant orientation. RObe right oblique; Ve vertical; He horizontal; R













V 15 Tentative not
right-handed
þ35 1/0/5/2 ROb
XXI 5 Right-handed þ35 4/1/3/2 V
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Fig. 4. Some examples of the Sima de los Huesos endocast with demarcated Broca's area.
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Petalias are a good indicator of the potential manual preference
in one individual. A right frontal and left occipital pattern is related
to right-handers and the opposite pattern is related to left-handers.
Bear et al. (1986) carried out a study regarding the asymmetries and
their association with manual skill in modern populations. Their
conclusions are compared to our results for SH endocasts here.
They concluded that the differences between the projections of
width are larger than those observed for the length. In the results
for SH (Table 2), this fact is easily visible, as well as in the averaged
values for both dimensions. These values are 2.12 mm for frontal
width and 3.49 mm for occipital width while, for the other di-
mensions, they are 0.95 mm for frontal length and 1.71 mm for
occipital length. Another conclusion is that the differences are
greater in the occipital lobes than in the frontal lobes. Once again,
this is the case for SH endocasts. Occipital width and length in the
averaged petalias are 3.49 mm and 1.71 mm, respectively, versus
frontal width and length in the averaged petalias: 2.12 mm andPlease cite this article in press as: Poza-Rey, E.M., et al., Brain asymmetrie
(Atapuerca, Spain), Quaternary International (2015), http://dx.doi.org/10.0.95 mm, respectively. There are similarities in the development of
petalias in the SH group and in modern human populations.
The left-handers (or not right-handers) tend toward more
symmetrical brains, and no signiﬁcant asymmetry is found in
frontal brain regions (Geschwind et al., 2002). This feature is
remarkable in several SH specimens. Galaburda et al. (1978)
conﬁrmed that brains with reversal asymmetry or with no partic-
ular asymmetry (including a very slight normal asymmetry) are
more common in left-handers. This opens us up to the possibility of
a high number of not right-handers in the SH collection.
Broca's area was already highlighted in Arsuaga et al. (1997) as a
very different region in the frontal lobe convolutions.
The divergent trends in the development of areas 44 and 45
right and left, which result in an increase in asymmetry, start
around 4e5 years old (Amunts et al., 2003); consequently, they are
recognizable in the SH endocasts studied here.
Knecht et al. (2000) claim that handedness is related to the side
of language dominance (the side with greater development of the
Broca's area), and Foundas et al. (1998) and Powell et al. (2012)s and handedness in the specimens from the Sima de los Huesos site
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concluded that the size of Brodmann area 44 is more developed in
the left hemisphere in right-handers and in the right hemisphere in
left handers. Following the conclusions of these authors, we once
again obtain a large number of possible not right-handers in the SH
collection.
The uniﬁcation of the resulted manual preference by Broca's
area and petalias do not coincide in individuals 7 and 17. This
could be explained because, although Papadatou-Pastou (2011)
highlights the two aspects of behavior speciﬁc to humans, the
use of language (Lieberman, 1984) and the strong population-
level preference for hand use (Annett, 1985; McManus, 1991)
are both asymmetric, lateralized traits. Cashmore et al. (2008)
indicate that Chance and colleagues (Chance et al., 2005;
Chance and Crow, 2007) have suggested that petalia asymme-
try is not related to lateralization of language and warn that we
should exercise caution when relying on the evidence from
hominin brain asymmetry to make assessments of hominin hand
preference. Kennedy et al. (1999) also concluded that the factors
responsible for typical brain petalia are not the same as those
that govern the lateralization of language, and Chance and Crow
(2007) specify that the physical shift of the hemispheres, which
is the main constituent of petalia, is unrelated to lateralization of
language.
The deﬁnitive assignment of manual preference (Table 6)
shows a different relationship for right/left-handers in the SH
collection than in modern human groups. There is a proportional
number of right-handers (including tentative right-handers) and
not right-handers (including tentative not right-handers) in SH.
From 12 assignments, 5 were right-handers while 7 were not
right-handers, providing a proportion of (4/6), which differs
greatly from the proportion of right/left-handers in modern hu-
man populations (9/1).
The analysis of handedness in SH individuals via labial scratches
on anterior teeth indicates that the striations show a right oblique
(ROb) dominant orientation in 16 of 21 dental individuals from SH.
This pattern of RO dominant orientation was the same as what was
found in right-handed modern humans in several experiments
(Bermúdez de Castro et al., 1988; Lozano et al., 2004). The opposite
pattern, the LO dominant pattern, corresponds to left-handed
people. Therefore, it was determined that the human group from
SH was right-handed (Lozano et al., 2008, 2009).
The same experiments resulted in some vertical striations (V),
which can be made by both right and left handers, thus making it
impossible to infer a manual preference in the fossil specimens
with vertical striations (Lozano et al., 2004, 2008).
Despite the fact that the SH group does not seem to have a well-
deﬁned brain lateralization as it does in modern human groups,
they show a preferred right handedness as is shown in some
Neanderthal groups, such as Krapina and Vindija (Lalueza-Fox and
Frayer, 1997; Frayer et al., 2010).
Fortunately, it has been possible to complete 6 assignments of
cranial individuals with dental individuals from SH, and this allows
us to make very interesting observations about the relationship
between laterality in the brain and manual preference and the
pattern of the striations left by the use of the preferred hand to
manipulate tools. Since the dental crown and most of the striations
are only conserved in young and adolescent individuals, only cra-
nial/endocraneal individuals 6, 9, 10 and 16 have been analyzed in
depth.
Cranium/endocranium 16 resulted in a not right-handed
manual preference. The dental individual associated with this
cranium/endocranium is XXIII with 0 striations in the right oblique
direction and 3 in the left one. In this case, both results coincide
with a possible non-use of the right hand.Please cite this article in press as: Poza-Rey, E.M., et al., Brain asymmetrie
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manual preference. The dental individual associated with this
cranium/endocranium is XXVI with 9 of 10 striations in the right
oblique direction and 0 in the left one. In this case, both results
coincide with a possible use of the right hand.
Cranium/endocranium 9 resulted in a right-handed manual
preference. The dental individual associated with this cranium/
endocranium is XVI with 22 striations in the right oblique direction
and 0 in the left one. In this case, both results coincide with a
possible use of the right hand.
Finally, cranium/endocranium 6 resulted in a not right-handed
manual preference. The dental individual associated with this
cranium/endocranium is XX with 30 striations in the right oblique
direction (more than any other right-hander) and 0 in the left one.
In this case, the results do not coincide and it is necessary to clarify.
A similar case is exhibited in the La Chapelle-aux-Saints specimen
(Homo neanderthalensis), which shows a left-handed petalia
pattern, but the humeral cross-sectional evidence identiﬁes right-
arm dominance, which classiﬁes him as a right hander (Uomini,
2011; Frayer et al., 2012).
To sum up the observations in endocranial individual 6:
The brain asymmetries indicate a not right-handed laterality.
Nevertheless, the dental striations indicate a dominant right obli-
que vestibular direction, which means that this individual used the
right hand for the aforementioned daily activities. The high number
of striations may be an indicator of some clumsiness in this spec-
imen due to the contrariety between the brain laterality and the
real use of the hand, which is not the natural manual preference in
this case. The not right-handed manual preference is related to
ambidextrous individuals and left-handers. Thus, one possibility
would be to consider individual 6 as ambidextrous with low pre-
cision in the right hand. But it is necessary to consider the other
possibility: left-handedness.
If this last possibility were indeed the case, why did individual 6
use the right hand? Did individual 6 have any physical problems
with the left hand? Perhaps future studies could conﬁrm this, but at
the moment it is impossible for us to know. If the answer is afﬁr-
mative, this individual had to use the right hand (not skilled hand),
and then, this hypothesis supports previous studies in the Sima de
los Huesos collection about the care of pathological individuals in
the group (Gracia et al., 2009; Bonmatí et al., 2010).
But if this individual had no problem with the left hand, then it
is possible to suggest learning by imitation (observation of move-
ments and actions of right-handed people in the group).
Papadatou-Pastou (2011) notes that it could further be the case that
right hand preference is merely a learned behavior or a “cultural
law” in the early words of Blau (1946) or that there must be a
biological predisposition toward using the right hand rather than
the left one as exhibited by the studies of Annett (1985) who pro-
posed a genetic model of handedness.
As there is at least one non-right-handed individual with
0 striations to the right (cranium/endocast 16), it is necessary to
consider different options associated with the development and
teaching of daily activities.
5. Conclusions
There are similarities in the development of the petalias in both
the SH group and in modern humans, but there is a remarkable lack
of asymmetry in some specimens.
The proportion of right-handers and not right-handers in SH (4/
6) differs greatly from the proportion of right/left-handers in
modern human populations (9/1). This represents a lower degree of
lateralization of the brain in the SH group or at least a different
degree of lateralization than in modern human groups. Individuals and handedness in the specimens from the Sima de los Huesos site
.1016/j.quaint.2015.10.004
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pathologies and support to less-skilled individuals within the
group.
Learning by imitation could be responsible for the discrepancies
between the manual preference concluded by brain lateralization
and the actual manual use. Ambidextrous handedness could
already be present in fossil populations. The variety of relationships
between manual preference and real handedness obtained in this
study causes us to consider different possibilities associated with
the development and teaching of daily activities in this fossil hu-
man group. Finally, the study of brain lateralization (from brain
asymmetries) is necessary as a complement to the study of
vestibular striations in anterior dentition for handedness analysis
in fossil human populations.Acknowledgements
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